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This work focuses on a search for magnets that can be used at elevated temperature. We have studied
the effect of ZrB2 addition on the magnetic properties and stability of nanocrystalline 1:7 type
Sm~Co,Ti,Zr! magnets up to 500 °C. Amorphous ball milled powder was annealed to develop the
TbCu7 type structure. The room temperature coercivity of SmCo6.5(ZrB2)0.033Ti0.4 is 2.1 T. The
microstructure is stable at 400 °C, where the coercivity is 0.5 T. © 2003 American Institute of
Physics. @DOI: 10.1063/1.1558593#I. INTRODUCTION
Permanent magnet materials capable of operating at high
temperature ~.400 °C! are required for dynamic applications
such as generators and motors. The best conventional high-
temperature 2:17 magnets can operate stably up to 300 °C.
Nanocrystalline SmCo-1:7 magnets prepared by mechanical
milling and subsequent annealing exhibit excellent room
temperature coercivity1 but at high temperature the structure
is not stable. The TbCu7 structure is a disordered variant of
the Th2Zn17 type structure in which Sm and Co–Co dumb-
bell pairs randomly occupy rare earth sites. However, the
SmCo7 structure is unstable unless Co is substituted for by
Cu, Zr, or Ti.2,3 Here we report some progress in stabilizing
nanocrystalline SmCo-1:7 materials at high temperature up
to 500 °C by adding ZrB2 in an effort to develop a magnet
which does not require the complex heat treatment that 2:17
alloys do.
II. EXPERIMENT
The alloys with nominal compositions of SmCo6.5Ti0.4 ,
SmCo6.5Ti0.4Zr0.1 , and ZrB2 were prepared by arc melting in
high-purity argon atmosphere. The alloy buttons were
crushed, mixed with ZrB2 in order to obtain
SmCo6.5Ti0.4(ZrB2)0.033 and SmCo6.5Ti0.4Zr0.1(ZrB2)x (x
50.0, 0.033, and 0.066!, and then were milled for 12 h using
high-energy ball milling with a ratio of 16 g of ball to 1 g of
sample. The as-milled powder was annealed in vacuum at
750 °C for 10, 30 min, 2 h, and 10 h. The annealing process
is as follows: the sample is heated at 2 °C/min up to 750 °C,
held at this temperature for annealing, and then cooled at
2 °C/min down to room temperature. The phase composition
was examined by x-ray diffraction. For magnetic measure-
ments at room and high temperature, sample powders were
put into 3 mm glass tubes and sealed with ceramic cement to
avoid contamination. The magnetic properties were mea-
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a superconducting quantum interference device ~SQUID!
magnetometer and at high temperature in a vibrating sample
magnetometer ~VSM! with maximum field of 1.4 T under Ar
atmosphere.
II. RESULTS AND DISCUSSION
All of the samples, except SmCo6.5Ti0.4Zr0.1(ZrB2)0.066 ,
have shown a yield from the ball-milling process of better
than 50%. The powder could easily be removed from the
walls of the ball-milling container. In the case of the
SmCo6.5Ti0.4Zr0.1(ZrB2)0.066 sample, the powder stuck to the
balls and the container walls and less than 5% of the material
could be recovered.
The diffraction patterns of as-milled powder of all com-
pounds showed only a broad amorphous hump. After anneal-
ing at 750 °C, the powder crystallizes into the TbCu7 type
structure and has minor amounts of the Th2Zn17 type struc-
ture and Co. The x-ray diffraction pattern does not show the
FIG. 1. X-ray diffraction of samples with and without ZrB2 addition.3 © 2003 American Institute of Physics
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The tiny amount of ZrB2 may have decomposed into Zr and
B and been incorporated into other phases present in the
alloy. SmCo6.5Ti0.4Zr0.1 prepared by Venkatesan et al.4 in a
similar way was found to have the TbCu7 type structure
reported for SmCo6.8B0.2 by You et al.5
The magnetic properties of annealed samples are
summarized in Table I. The samples of
SmCo6.5Ti0.4Zr0.1(ZrB2)0.033 and SmCo6.5Ti0.4(ZrB2)0.033
show stable magnetic properties at 400 °C. Two hysteresis
loops were measured after-an-interval of 60 min but did not
show any changes in shape. The hysteresis loop exhibits a
good squareness. The smooth demagnetization curves sug-
gest a very fine uniform grain size of 1:7 phase. The ratios
sr /ss are about 0.65, suggesting the existence of intergrain
exchange interaction among the fine grains. The virgin curve
of this ball-milled/annealed powder is suggestive of strong
domain wall pinning, or single particle behavior.6 However,
the enhancement in remanence indicates strong intergranular
exchange coupling which rules out independent single par-
ticles. The large high-field susceptibility measured at room
temperature suggests distribution of the interaction domains.
Magnetization reversal in the fine-grained magnets occurs by
flipping the moment of one multigrain domain which then
propagates throughout the sample, leading to a square hys-
FIG. 2. Hysteresis loop at 400 °C, SmCo6.5Zr0.1Ti0.4 annealed at 750 °C for
2 h, and SmCo6.5(ZrB2)0.033Ti0.4 annealed at 750 °C for 10 h.
TABLE I. Magnetic properties of SmCo 1:7 type measured at room tem-
perature ~RT! and at 400 °C.
Composition
sr
~J/T kg!
ss
~J/T kg!
Annealing
time
~min!
m0
Hc
at RT
~T!
m0
Hc
at 400 °C
~T!
SmCo6.5Ti0.4Zr0.1 44.5 65.0 120 2.30 0.70
SmCo6.5Ti0.4Zr0.1 52.0 77.0 600 1.29 0.21
SmCo6.5Ti0.4Zr0.1(ZrB2)0.033 39.0 62.0 600 1.60 0.39
SmCo6.5Ti0.4Zr0.1(ZrB2)0.066 26.4 40.8 600 1.38 0.33
SmCo6.5Ti0.4(ZrB2)0.033 53.0 81.0 600 1.65 0.41
SmCo6.5Ti0.4(ZrB2)0.033 52.8 76.0 120 2.15 0.53
SmCo6.5Ti0.4(ZrB2)0.033 56.0 78.0 30 2.33 nd
SmCo6.5Ti0.4(ZrB2)0.033 59.0 82.0 10 2.35 ndDownloaded 04 Mar 2008 to 143.239.65.222. Redistribution subject tteresis loop. Coercivity in the ball-milled magnets is con-
trolled by motion of domain walls with the interfaces of the
nanostructural grain and it provides strong pinning surfaces.7
The SmCo6.5Ti0.4Zr0.1 sample shows a progressive
change in hysteresis loop shape which is characteristic of a
double magnetic phase ~Fig. 2!. Samples with ZrB2 addition,
when annealed for 10 and 30 min at 750 °C, show a slight
evolution in the hysteresis shape at 400 °C. Long-time an-
nealing leads to smaller coercivity ~Fig. 3! and better stabil-
ity. Figure 4 shows the behavior of the coercivity as a func-
tion of the temperature of the measurement and annealing
time. All samples show irreversible changes in the shape of
the hysteresis loop at 500 °C.
IV. CONCLUSIONS
We have made some progress in improving the thermal
stability of ball-milled nanocrystalline SmCoTiZr 1:7 mag-
nets with ZrB2 addition. A tiny amount of ZrB2 helps to
stabilize the magnetic properties of some of these nanocrys-
talline magnets at temperatures up to 400 °C but not at higher
FIG. 3. Room temperature coercivity as a function of the annealing time for
SmCo6.5(ZrB2)0.033Ti0.4 .
FIG. 4. Temperature dependence of m0Hc in SmCo6.5Ti0.4X @X5Zr0.1 ,
(ZrB2)0.033 , and Zr0.1(ZrB2)0.033] magnets.o AIP license or copyright; see http://jap.aip.org/jap/copyright.jsp
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magnets may have some potential for high temperature ap-
plications.
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